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The purpose of this manuscript is to briefly review the pathophysiology of cerebral ischemia. Ischemic thresholds are well-defined in lower animals. The concept of the ischemic penumbra may include regions of brain around deeper regions of ischemia but has also been defined in terms of brain salvage able by reperfusion or by pharmacological therapies.
The principal pathophysiological processes in cerebral ischemia are energy failure, loss of cell ion homeostasis, acidosis, increased intracellular cal cium, excitotoxicity, and free radical-mediated toxicity. The underlying biochemical processes are similar regardless of the amount of brain that is made ischemic or the duration of ischemia. The relative contributions of each process are believed to vary significantly especially in relation to the level of cere bral blood flow. Neurons may die by necrosis or apoptosis.
In the core of an infarct where blood flow is very low, the predominant process is energy failure and rapid necrotic cell death. 
Introduction
Cerebral ischemia may be thought of as focal or global, transient or permanent, and by how severely cerebral blood flow (CBF) is reduced. The under lying biochemical processes are similar regardless of the amount of brain that is made ischemic or the duration of ischemia although the relative contribu tions of each process are believed to vary significant ly in relation to these factors and especially the level of CBF. The principal processes are energy failure, loss of cell ion homeostasis, acidosis, increased in tracellular calcium ([Ca2+] ;), excitotoxicity, and free radical-mediated toxicity. Neurons may die by necro sis or apoptosis. In the core of an infarct where CBF is very low, the predominant process is energy failure and rapid necrotic cell death. Reperfusion of ischemic tissue produces an influx of inflammatory cells and of oxygen that can cause increases in oxy gen-derived free radicals. Most of what follows is based on animal models, the applicability to human stroke of which is debated by some but suffice it to say that they represent the current state of the art for investigation of such processes.
Thresholds of Ischemia, the Ischemic Penumbra, and Reperfusion
I. Ischemic thresholds
In most models of focal cerebral ischemia, the mid dle cerebral artery is occluded for minutes to hours, or sometimes permanently, and there is a moderate ly severe reduction in CBF in this territory. In models of global or forebrain ischemia, the flow reduction is more severe but of shorter duration since long durations of ischemia to such large areas of brain would be fatal.") These differences affect the rate of development of pathophysiological changes and their relative importance and could ac count for why different therapies help different types of ischemia. In global ischemia, the short dura tion generally does not produce major microcircula tory problems whereas such changes are important in focal ischemia especially in the penumbra. In fo cal ischemia, there tends to be a central area of se vere ischemia (the umbra) where infarction occurs rapidly -within 30 minutes in rats and 30 to 60 minutes in monkeys -and an area around this that has some degree of blood flow (the penumbra). How rapidly infarction occurs is related to how low flow goes so that no flow for a few minutes leads to infarc tion but a flow of 12 m1/100 g/min can be tolerated af ter middle cerebral artery occlusion in monkeys for 2 or less hours.26, 47) Brain electrical activity is lost if CBF falls below 16-18 ml/100 g/min.47) This is the threshold for loss of neuronal electrical function below which neurons are ischemic but not necessarily infarcted or dead. Below this level of CBF synaptic function is lost. It is believed that restoration of flow, even after long times, could restore function of these neurons. There is a second threshold with loss of neuron ion homeostasis below 10-12 ml/100 g/min.6) This threshold is near the level where energy production in the form of high energy phosphates (mainly adeno sine triphosphate [ATP]) falls behind energy use. Be low this threshold, efflux of K+ and influx of Ca 21 oc curs and there is rapid neuronal death or infarction. These two thresholds are relatively constant across species, being only slightly higher in rats and gerbils compared with primates but representing the same percentage reductions in flow from normal.46 47) Clas sical studies carried out by several groups showed that in monkeys, infarction developed after 1 to 3 hours with flows of 10-12 ml/100 g/min and after permanent arterial occlusion with flows of 17 to 18 ml/100 g/min.6,12,26) There are other thresholds that are generally at higher flows and that are for develop ment of edema and failure of protein synthesis.") II difficulties, Siesjo47) defined the penumbra not by CBF or pathophysiological criteria but as the area of infarct that is salvageable with some pharmacologi cal therapy (pharmacological penumbra) or by early reperfusion (reperfusion penumbra).
III. Reperfusion
Reperfusion plays an important role in the pathophysiology of cerebral ischemia. In rats, there is a large difference between infarct size after 30 minutes of middle cerebral artery occlusion com pared with permanent middle cerebral artery occlu sion. This suggests that a penumbra exists where ear ly reperfusion saves neurons that would otherwise die. The times over which infarct sizes evolve vary between species. In general, however, reperfusion must be within 3 or 4 hours. Reperfusion is necessa ry if there is to be any hope of saving penumbral type neurons but it may also produce deleterious ef fects. There may be hemorrhage into the infarcted brain. There is a sudden increase in oxygen and white blood cells. Toxic oxygen-derived free radi cals may be generated and polymorphonuclear leu kocytes may adhere to endothelial cells causing microcirculatory occlusions. This may contribute to the no reflow phenomenon, which is the inability to reperfuse infarcted areas or a delayed decrease in CBF that occurs after reperfusion.2'12) Free radicals and inflammatory mediators may contribute to breakdown of the blood brain barrier. The ischemic arterioles are maximally dilated and may have im paired autoregulation so that reperfusion causes CBF in excess of normal (reactive hyperemia). These factors may contribute to water and osmoles in the blood pouring into the ischemic brain and aggravat ing brain edema. An attractive but complex ther apeutic option would be to preload the blood with pharmacological, agents to prevent these processes before reperfusion is established.
Pathophysiology
It is widely held that energy failure is the primary event underlying much of the pathophysiology of ischemia. Energy failure and the secondary process es that occur after ischemia and contribute to neu ronal death are discussed independently but they are interrelated and dependent on each other to some ex tent. The key process that occurs with severe reduc tions in CBF is energy failure. There is a lack of oxy gen and glucose supply to the brain, which are the necessary substrates for synthesis of ATP. There are no stores of oxygen or glucose in the brain and since ATP consumption continues, there develops a net loss of ATP and probably the other nucleotide triphosphates. This occurs within 60 seconds of com plete ischemia and probably over longer times with lesser degrees of CBF reduction. Energy failure leads to several deleterious processes.",") Protein synthesis is decreased during ischemia because it re quires ATP. Continuing protein synthesis is necessa ry to maintain the cytoskeleton and other regulatory proteins within the cell. Lack of ATP and oxygen causes metabolism of glucose by anaerobic rather than aerobic glycolysis, resulting in lactic acid production and intra and extracellular acidosis. Anaerobic glycolysis also produces much less ATP than aerobic glycolysis through the Kreb's cycle and the electron transport chain. ATP is required to maintain ionic gradients across cell membranes. Normally, ATP-driven (N a'-K'-adeno sine triphosphatase
[ATPase] and Ca"-ATPase) pumps drive Na+ and Ca" out of neurons and K+ in. These are active pumps that consume over 50% of neu ronal ATP.') There are also passive ion leaks Nat and Ca" passively leak into neurons down concen tration gradients of about 10:1 and 10,000:1 (out side:inside), respectively. K+ and Cl tend to leak out. Passive ion leaks may be increased during ische mia by depolarization of neurons and by generalized increases in membrane permeability. Loss of ATP with pump failure will thus aggravate Na+ and C1 influx and K+ efflux by increased leakage and decreased pumping. This depolarizes the cell mem brane and causes increased [Ca2+]i and glutamate release. Additional problems arise because these ab normal ion fluxes may induce more ATP-consuming pump activity to try to restore ionic gradients. Fur thermore, extracellular K+ rises and water accumu lates in the neurons because it follows osmotic 
II. Excitotoxicity
Depolarization of synaptic membranes with in creases in [Ca2+]i is a physiological signal transduc tion mechanism for many intracellular processes in cluding release of neurotransmitters.
During ische mia, an abnormal and probably prolonged depolari zation of neurons, as well as the changes in [Ca2+]i homeostasis, cause release of nonphysiological amounts of many neurotransmitters including gluta mate."`,")
The release of other neurotransmitters such as dopamine, y-amino-butyric acid, acetylcho line, and aspartate is also affected.',") Synthesis of dopamine, acetylcholine, and other neurotransmit ters requires ATP, oxygen, and/or functioning of the Kreb's cycle, so is likely to be decreased by ische mia.46) The termination of action of some neuro transmitters is dysfunctional in ischemia because it requires reuptake into cells, which requires an in tact sodium gradient.
Glutamate is the major excitatory neurotransmit ter in the brain and the one that has received the most attention in ischemia research. It can act on at least five receptors -low and high-affinity kainate, N-methyl-D-aspartate (NMDA), amino-3-hydroxy-5 methyl-4-isoazole propionic acid (AMPA), and quisqualate. Activation of the first four is associated with changes in ion flux across the cell membrane and thus are called ionotropic. The quisqualate receptor is not linked to an ion channel and is a metabotrophic receptor. Kainate and AMPA recep tors seem to be linked to the same type of ion chan nel that probably causes Na+, K+, and H+ influx and depolarizes the membrane. Membrane depolariza tion in this way, as well as opening of NMDA recep tors which allow entry of Ca" as well as Na+ and K+, all lead to increased neuronal [Ca2+]i. The activa tion of glutamate receptors is a normal physiological mechanism in which the [Ca2+]1 increase is terminat ed by physiological control mechanisms and the re uptake of excess glutamate. In ischemia, physiologi cal controls and reuptake are disrupted by energy failure and loss of ion homeostasis (principally the Na+ gradient), as discussed above, so that the in creased [Ca2+]i may persist. Abnormal intraneuronal Ca" levels are one postulated mechanism by which glutamate is toxic in ischemia.11) Others are in The evidence for a role of excitotoxicity and gluta mate release in cerebral ischemia is the demonstra tion of neuronal toxicity when glutamate is injected into the brain and the efficacy of glutamate receptor antagonists at reducing infarct size in ische mia.7,47,48,51) Glutamate receptor antagonists have little effect on dense global forebrain ischemia or on the core of focal ischemic lesions. Under these circum stances there is maximal depolarization and Ca" probably enters cells through multiple pathways so that blocking one such pathway has little effect. Some NMDA antagonists, however, decreased in farct size in transient focal ischemia by decreasing damage in the penumbral area.') III.
Calcium homeostasis
[Ca"], is an important intracellular second messen ger that regulates many intracellular processes such as differentiation, growth, gene expression, channel and synaptic function, and cytoskeletal stability. The concentration of free [Ca"]; thus is under strin gent control within cells and is kept about 10,000 times lower (about 10-' mol/l) than that in the ex tracellular space (10-3 mol/l). Tymianski and Tator5l) noted that [Ca"]; is modulated by the balance of several processes: influx and efflux across the cell membrane, release and uptake from intracellular stores, and binding to intracellular proteins (Ca" buffering). Influx may be through voltage-gated or agonist-operated Ca" channels. Ca" is extruded from neurons by Ca"-ATPase and Na+/Ca2+ ex change. Release from intracellular stores is also con trolled by channels opened by inositol triphosphate and possibly by Ca" itself. Reuptake into stores is by a Ca"-ATPase. Ischemia disrupts these control mechanisms at multiple points. Ischemia depola rizes neurons, causing Ca" entry to increase and glutamate to be released. Activation of glutamate channels may lead to further Ca" entry. Depolariza tion with loss of the transmembrane Na+ gradient reverses the direction of operation of the Na+/Ca2+ exchanger so that Na+ is pumped out of the cell and Ca" is pumped in. [Ca"]; will rise because there is no ATP to drive sequestration or efflux. Since multi ple pathways of Ca" influx and efflux are disrupted, it is not surprising that drugs such as voltage-gated Ca"-channel antagonists that block only one possi ble path of Ca" entry have minimal efficacy in cerebral ischemia. These drugs may have other mechanisms of action that are helpful such as dila tion of collateral vascular channels to increase CBF These enzymes produce the eicosanoids (prostaglandins, throm boxanes) and leukotrienes. They require oxygen and, therefore, may be important in regions with some perfusion or during reperfusion. Leukotrienes and their metabolic precursors, the hydroperoxy eicosatetraenoic acids, attract leukocytes, constrict vessels, and increase their permeability. They may therefore contribute to breakdown of the blood brain barrier and to brain edema as well as promoting in flammation. Most of the prostaglandins are vasocon stricting and prothrombotic. Prostacyclin does the reverse but its formation may be inhibited by free radicals formed during ischemia.47) These concepts are based in part on experiments showing that inhibi tors of thromboxane formation or of eicosanoid for mation in general improve CBF after reperfusion in models of focal and global transient ischemia.3o,4Z) Protein kinases are enzymes that phosphorylate structural and regulatory proteins such as cell recep tors and membrane channels. Phosphorylation can alter protein function and abnormal phosphoryla tion of multiple cellular proteins may disrupt many normal cell functions. Attention has focussed partic ularly on protein kinase C which requires diacetyl glycerol for activation.
It is responsible for normal cellular functions but may wreak havoc on cell func tion when activated for prolonged times and/or to ex cessive levels during ischemia. The proposed central role of Ca` in ischemic brain damage led one group of investigators to try to reduce [CaZ+] i by using drugs that chelate CaZ+ 51) This was based on the observation that most of the Ca` entering neurons is buffered by intracellular proteins such as calmodulin, calbindin, and parval bumin. It is thought that the normal function of these proteins and of Ca` buffering is to help local ize transient Ca` increases within cells and to then rapidly lower levels after the desired physiological ef fect has been activated. Favorable effects of Ca` chelation were found in models of focal ischemia.
IV. Acidosis
Normally glucose is broken down during oxidative phosphorylation to two pyruvate, two ATP, and two reduced nicotinamide-adenine dinucleotide. Pyru vate enters the Kreb's cycle and electron transport chain to use 02 and produce C02, H20, and 36 ATP. During ischemia there is a lack of 02 for the Kreb's cycle and electron transport chain so that pyruvate becomes preferentially reduced to lactate. The net result is acidosis and less ATP production. Siesjo47,48 listed four mechanisms of acidosis-induced neu ronal damage: edema formation, inhibition of mitochondrial respiration, inhibition of lactate oxi dation, and inhibition of H+ extrusion. Acidosis af fects [Ca 2+]i; because it displaces Ca 2+ from intracel lular binding sites. Increased [Ca 2+], impairs mitochondria) function because they preferentially sequester Ca 2+ rather than produce ATP. Acidosis may increase blood brain barrier permeability. A free radical is any molecule with an unpaired electron in its outer orbital. This generally renders the molecule extremely reactive and able to act as an electron acceptor or donor in reactions with other molecules that then alters the chemical structure of the other molecule. Most toxic free radicals are ox idizing agents, that is they remove electrons from critical molecules within cells. The primary evi dence supporting a role for free radicals as cellular toxins is that cells possess enzymes (glutathione peroxidase, superoxide dismutase, catalase) and small molecules (glutathione, ascorbic acid, a tocopherol) whose sole function is to metabolize cer tain free radicals to render them unreactive. These free radical scavengers are found in cells because normal cell reactions, such as electron transport, ei cosanoid synthesis, purine metabolism, catechola mine autoxidation, and the action of enzymes such as cytochrome P450 reductase, generate free radi cals. Some There seems to be little question that at some point in the ischemic injury cascade free radicals partici pate in and contribute to the damage. The increased production of free radicals during ischemia may overwhelm normal cell defenses. The question remains, however, about the extent to which free rad icals contribute primarily to neuronal death in ische mia, and to which they are simply markers of cell death since there is substantial free radical produc tion as a consequence of cell death. Much of the data implicating free radicals is derived from correla tions between ischemic damage and levels of free radicals and the reduction in infarct size by treat ment with inhibitors or scavengers of free radicals. In the latter circumstance, however, the drugs may have an effect because free radicals produced by dead cells cause more damage and not necessarily because free radical mechanisms are involved in the primary processes that killed the cells. Finally, since NO is produced in endothelial cells and since reper fusion introduces oxygen primarily in the blood ves sels themselves and in the microcirculation, free rad icals have been implicated in endothelial cell damage and the microvascular obstructions after ischemia (no reflow phenomenon), and with en dothelial cell damage. The immediate early genes are induced rapidly and transiently in cells in vitro in response to physio logical and pathological stimuli.') Many immediate early genes produce proteins that are transcription factors so it is believed that they mediate a delayed genetic response to these stimuli by changing the ex pression of so-called long-term response genes. Different stimuli induce responses in different im mediate early genes -for example, water depriva tion selectively induces c-fos expression in the hypothalamus.') Cerebral ischemia is followed by a more diffuse induction of multiple immediate early genes including c-fos, fos-B, c-jun, jun-B, jun-D, zi f/ 268, Krox 20, and nurI77.1.40) The duration and severi ty of the ischemia probably modifies the response since severe ischemia with rapid necrosis is associ ated with decreased protein synthesis and rapid cell death. Under these conditions, gene expression is ir relevant but important changes may occur in penum bral areas. In contrast, immediate early gene expres Neurons die after ischemia by necrosis or apopto sis. Necrotic cell death is characterized by early mitochondrial and cell swelling, rupture of the plas ma membrane with release of cell contents, and in flammation. In contrast, apoptosis is cell death deter mined by transcription of specific genes and subse quent protein synthesis.") There are characteristic biochemical and morphological changes. The deox yribonucleic acid (DNA) is fragmented into charac teristic lengths leading to DNA laddering on gels. There is chromatin condensation at the periphery of the nucleus, formation of apoptotic bodies, cell mem brane blebbing, and fragmentation of the cell with preservation of mitochondrial and cell membrane in tegrity. There is no inflammation. The cell dies and is phagocytosed by macrophages. One way in which altered gene expression has been suggested to be im portant in cerebral ischemia is through modulation of apoptosis.') Clearly the predominant process in the core of a region of ischemic brain is necrotic cell death but if there is milder ischemia in a penumbral region or when there is transient ischemia followed by reperfusion, then there could be mild cell injury that activates a gene response leading to apoptosis. This theory has gained some support from ex perimental stroke models that demonstrate that 90 minutes of middle cerebral artery occlusion in rats leads to an infarct 1 day later whereas 30 minutes of middle cerebral artery occlusion produces no damage after 1 day but an infarct develops over 3 days.") The delayed infarction can be reduced by treatment with a glutamate antagonist and cyclohex imide, a protein synthesis inhibitor. 1,10,14) Further 
